In the present work, different compatibilizers, namely polyethylene-graft-maleic anhydride (PE-g-MA), polypropylene-graft-maleic anhydride (PP-g-MA) and polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene-graft-maleic anhydride (SEBS-g-MA) were used on green composites derived from biobased polyethylene and peanut shell flour to improve particle-polymer interaction. Composites of high-density polyethylene/peanut shell powder (HDPE/PNS) with 10 wt% peanut shell flour were compatibilized with 3 wt% of the abovementioned compatibilizers. As per the results, PP-g-MA copolymer lead to best optimized properties as evidenced by mechanical characterization. In addition, best particle-matrix interface interactions with PP-g-MA were observed by scanning electron microscopy (SEM). Subsequently 
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INTRODUCTION
In recent years, increased awareness on environmental issues has been detected.
This fact, together with the problems related to petroleum depletion has led to a breakthrough in the field of environmentally friendly materials development; much of this progress has been observed in the field of polymer composites, mainly on natural fiber reinforced plastics (NFRP) and wood plastic composites (WPC) for everyday applications. [1] [2] [3] [4] The use of natural fillers into a polymeric matrix provides attracting advantages such as reduced costs, lightness, excellent balanced mechanical properties, etc. together with a marked low environmental impact. 5 Moreover, due to their aesthetic appearance (wood or natural product like) and the advantageous position against wood (low maintenance, high dimensional stability in wet conditions and high resistance to biological attack), NFRPs and WPCs are increasingly used in sectors such as decoration, construction and automotive. 3, [6] [7] [8] [9] The main disadvantages of using natural fillers in a polymeric matrix is the relatively poor dispersion of the filler in the matrix and the low polymer-particle compatibility which leads to poor interface phenomena thus giving poor final properties. The highly hydrophobic polymeric matrix is not compatible with the highly hydrophilic filler (ligno-cellulosic material) which gives poor adhesion among matrixfiller interface and this is responsible for a decrease in mechanical and thermal performance of composites. [10] [11] [12] One of the methods used to enhance filler dispersion and polymer-filler adhesion/interaction is the use of compatibilizer agents such as maleic anhydride-grafted polypropylene (PP-g-MA) or maleic anhydride-grafted polyethylene (PE-g-MA). 5, 10, [12] [13] [14] [15] [16] [17] These compatibilizers act as a bridge between the ligno-cellulosic particle and the polymeric chains because of their dual functionality.
Firstly, polyethylene or polypropylene fraction in PE-g-MA and PP-g-MA respectively 4 can interact with some polymer chains due to chemical affinity while maleic anhydride groups in the compatibilizer structure can react with hydroxyl groups in ligno-cellulosic particle by an esterification reaction to give increased matrix-filler interactions which have a positive effect on particle dispersion and stiffness. 13, 18 Despite this, ductile properties are not usually improved due to the brittleness that the filler provides because of presence of particle aggregates and matrix discontinuity, which promote stress concentration phenomena.
Peanut is one of the most important crops in the world. Its world production is estimated around 30 million tons per year and most of it, is sold without the shell, which contributes to a high waste generation coming from the shell. A small amount of these wastes is used as animal feeding or valued by incineration. 19 Nevertheless, the greater part is disposed of in landfills with the subsequent high environmental impact. Peanut shell is composed of natural polymers, mainly consisting in cellulose, lignin, hemicellulose and tannins. 20 Its chemical composition is similar to that of hard wood but peanut shell possesses higher cellulose content. 21 This feature makes peanut shell an interesting candidate as ligno-cellulosic filler in polymeric matrices. Up to now there are not many works focused on the use of peanut shell as filler in polymer matrices.
Sareena et al. 22 evaluated the mechanical properties of composite materials based on a natural rubber matrix with peanut shell fillers. The study was focused on the effect of the particle size and the previous alkaline treatment on final performance of composites.
Wu, 23 studied the effect of peanut shell reinforcements on mechanical and biodegradation properties of poly(butylene adipate-co-terephthalate)-PBAT composites.
This work also evidenced the synergistic effect of PBAT-based compatibilizers (PBATg-MA) on final performance of PBAT-based composites. Salasinska et al. 24 investigated the effect of peanut shell load on mechanical and thermal behaviour of high density 5 polyethylene (HDPE) films. Zaaba et al. 25 showed the positive effect of previous chemical modification of peanut shell with poly(vinyl alcohol)-PVA to improve overall properties of recycled polypropylene (PP). Prabhakar et al. 26 analyzed the effect of peanut shell fillers (without and with a previous alkaline treatment) in epoxy thermosetting resins. In addition, the potential of peanut shell as base material for particle board manufacturing was studied, 27, 28 but its use is not generalized. By taking into account the large amounts of peanut shell wastes and considering the increasing concern about environment and sustainable development, new materials are being demanded by our society to give an environmentally friendly solution to wastes. This has led to an increase in research about thermoplastic composites with natural fillers such as natural fiber reinforced plastics (NFRPs) and wood plastic composites (WPCs) which use commodity, recycled or biodegradable plastics as matrices. Nevertheless, most of these studies are focused on the use of wastes coming from the wood industry. [29] [30] [31] One pioneer company in the development of biobased polyolefins is Braskem.
This company produces at commercial scale a biobased polyethylene from bioethanol derived from sugarcane but with similar properties to those of conventional petroleumbased polyethylene; nevertheless the environmental efficiency is considerably higher as 1 ton of the so called "green-PE" fixes 2.5 ton CO 2 thus having a positive overall effect on environment and the carbon footprint. 32 The main goal of this work is to obtain high environmentally friendly biobased composites by using biobased high density polyethylene (HDPE) as matrix and peanut shell waste from the food industry. The effect of different compatibilizers and filler content is shown. In the first part of the study, the effect of 3 wt% of different maleic anhydride-based copolymers is evaluated. Several studies in the literature suggest that 6 this compatibilizer content can lead to optimum results in polymer composites with lignocellulosic fillers. [33] [34] [35] In particular, the effect of polyethylene-graft-maleic anhydride (PE-g-MA), polypropylene-graft-maleic anhydride (PP-g-MA) and polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene-graft-maleic anhydride (SEBS-g-MA) is evaluated in terms of mechanical properties and particlepolymer interaction. Once the best compatibilizer is selected, the peanut shell powder content is varied in the 5-30 wt% to investigate the effect of the filler loading on overall properties on compatibilized formulations. Mechanical properties are obtained by tensile, flexural, impact, and hardness tests. Thermo-oxidative degradation is studied by differential scanning calorimetry (DSC). Thermo-mechanical behaviour is assessed by following the evolution of the storage modulus, G' and damping factor, tan .
Degradation at high temperatures is evaluated by thermogravimetric analysis (TGA) and finally, particle-polymer interaction is observed by scanning electron microscopy (SEM).
EXPERIMENTAL
Materials
The polymer matrix was a commercial biobased high density polyethylene The selected lignocellulosic filler was peanut shell (PNS) from local food industry. Prior to composite manufacturing the peanut shell was subjected to a dry 7 milling process in an ultra-centrifugal mill (Retsch GmbH, Hann, Germany) working at 8000 rpm, equipped with a 250 m sieve; after the milling-sieving process, the obtained powder was subjected to a drying process at 80 ºC for 4 h to remove residual moisture.
The antioxidant capacity of peanut shell powder was determined by two different methods: DPPH and FRAP methods and the polyphenol and flavonoid total content was measured by the Folin-Ciocalteu method. Table 1 summarizes the main properties of peanut shell powder.
Table 1
All three compatibilizer copolymers were supplied by Sigma Aldrich (Sigma Aldrich, Madrid, Spain) and were used to increase particle-polymer interactions and promote filler dispersion. These copolymers were polyethylene-graft-maleic anhydride (PE-g-MA), polypropylene-graft-maleic anhydride (PP-g-MA) and polystyrene-blockpoly (ethylene-ran-butylene)-block-polystyrene-graft-maleic anhydride (SEBS-g-MA). Table 2 shows the main characteristics of these compatibilizers. were subjected to water uptake and average values were calculated. Before starting the tests, samples were dried at 80 ºC for 4 h to remove residual moisture. Weight changes were measured every 3 days for a total period of 7 months. The percentage water uptake was calculated by using equation 1:
Where M f is the final weight of the sample at a particular time and M i is the initial weight of the dry sample before immersion in water.
RESULTS AND DISCUSSION
Effect of different maleic anhydride-based copolymers as compatibilizers for HDPE/PNS composites 
Figure 1
With regard to tensile properties (Figure 1a) properties are not remarkably influenced by the addition of 10 wt% peanut shell powder. Nevertheless, the elongation at break (ductile mechanical property) is reduced in a remarkable way as in most NFRP and WPC. The initial elongation at break of unfilled HDPE is around 520% and this value decreases dramatically up to values in the 2-4% range. This is due to presence of peanut shell particles dispersed in the polymeric matrix. The highly hydrophilic nature of peanut shell powder (lignocellulosic) is not compatible with the highly hydrophobic polyethylene matrix. This fact leads to a lack of particle-filler interactions which, in turn, has a key role in stress concentration phenomena. 36 Moreover, particle aggregates also contribute to stress concentration with a negative effect on cohesive properties such as elongation at break. formation and growth rate, filler particle size, etc. All these phenomena are involved in the overall deformation and, consequently, can affect the impact-absorbed energy. As we have seen before, the tensile strength is slightly lower and the flexural strength increases; nevertheless, the addition of peanut shell powder restricts in a remarkable way the ability of HDPE/PNS composites to deform so that, the overall effect is a small decrease in absorbed energy.
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With regard to Shore D hardness (Figure 1c) , as it is a resistant mechanical property, a slight increase can be observed but no remarkable differences with the compatibilizer type can be distinguished.
Thermal behavior of HDPE/PNS has been evaluated with differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA). Thermo-oxidative degradation at moderate temperatures in the processing window was studied by differential scanning calorimetry (DSC) whilst thermal degradation-decomposition at high temperatures was followed by thermogravimetric analysis (TGA). 
Figure 2
Degradation at high temperatures (beyond the thermo-oxidation temperature range) was studied by thermogravimetric analysis (TGA). Figure 3 shows TGA curves of HDPE/PNS composites together with TGA curves for raw materials. As it can be seen in the TGA curve for neat HDPE, no weight loss is detected in the temperature range of the thermo-oxidative process observed by differential scanning calorimetry (DSC). For this reason, thermo-oxidative process was followed by DSC and degradation at high temperatures with the corresponding weight loss was studied by TGA. As it can be observed, degradation of peanut shell powder occurs in four different stages. The first one, with a weight loss of about 5%, is located between 50 ºC and 150 ºC and corresponds to residual moisture evaporation. 27 The second stage takes place in the 220 ºC -350 ºC range with a weight loss of 40% which corresponds to decomposition of low molecular weight components such as hemicelluloses and glycosidic bonds in cellulose. The third stage, characterized by a weight loss of 14%, occurs between 350 ºC and 410 ºC and is directly related to thermal decomposition of cellulose. Finally, above 410 ºC lignin degradation occurs. 5, 37 It is worth to notice that lignin degradation starts prior to other components but the degradation rate is slower. 38 With regard to raw HDPE, degradation proceeds in a one step process that starts at about 350 ºC and ends around 520 ºC with a weight loss of almost 99% (very low char generation). 39 To evaluate the degradation process of HDPE/PNS composites it is important to consider that some processes can be overlapped. HDPE is a highly hydrophobic polymer so that, 15 no weight loss is observed in the temperature range comprised between 50 ºC -150 ºC related to moisture removal and the typical degradation range for hemicelluloses (220 ºC -350 ºC) is lower than the onset decomposition temperature for HDPE. As it can be observed, HDPE decomposition overlaps with the cellulose and lignin degradation in the 350 ºC -520 ºC range. Decomposition of HDPE/PNS composites with and without compatibilizers show a combination of the two previously described behaviors.
Presence of peanut shell powder in HDPE/PNS composites leads to a decrease in thermal stability at high temperatures and two different stages can be clearly identified.
The first one occurs between 230 ºC and 420 ºC and corresponds to degradation of hemicelluloses, cellulose and lignin from peanut shell powder. Above 420 ºC, degradation of HDPE chains occur. 10 As we have previously observed, peanut shell powder degradation forms important amounts of char after combustion so that, residual char is also detectable for HDPE/PNS composites. It is also possible to observe that the overall effect of compatibilizers is positive as slightly better thermal stability is obtained compared to uncompatibilized HDPE/PNS. This fact is probably due to particle-matrix interactions as some hydroxyl groups in peanut shell powder particles (mainly from cellulose and hemicelluloses) are esterified with anhydride groups in the different compatibilizer agents.
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Figure 3
With the aim of evaluating particle dispersion and particle-matrix interface phenomena, a SEM study on fractured surfaces from impact tests was carried out. corresponding to HDPE/PNS composites and quite good particle dispersion can be detected in a rough surface. Addition of highly hydrophilic peanut shell particles into a highly hydrophobic polyethylene matrix without compatibilizers leads to lack of continuity in HDPE/PNS composites and this is reflected by a remarkable decrease in elongation at break and impact energy. Particle-matrix interactions due to the action of the compatibilizer agents can be observed. In the case of uncompatibilized HDPE/PNS composite (Figure 4b ) a small gap between the particle and the surrounding matrix can be distinguished. In the case of HDPE/PNS composites compatibilized with PE-g-MA (Figure 4c ) and SEBS-g-MA (Figure 4e ) it is possible to observe persistence of a small gap between the continuous phase (polymer matrix) and the dispersed phase (peanut shell particles) thus indicating that although some interaction is achieved this is not enough and particle-matrix discontinuity still occurs. That is why cohesion properties such elongation at break and tensile strength are reduced. In these cases, presence of small gaps between particle and matrix confirm that particles act as stress concentrators and this fact leads to fracture with relative small elongation. Nevertheless, HDPE/PNS composites compatibilized with PP-g-MA (Figure 4d ) offer better particle-matrix continuity and this has a positive effect on particle-matrix interactions and this is also reflected in better mechanical properties. decreases with temperature duo to an increase in chain mobility as temperatures raises up to melt temperature and this is responsible for material softening. Addition of 10 wt% leads to an increase in storage modulus thus indicating a stiffer material; this is due to the fact that peanut shell particles are stiffer than HDPE polymer chains. In addition, the lack of total continuity leads to low cohesion, which promotes fracture with low deformation levels. If we take into account that a modulus relates the applied stress with the deformation in the elastic region, it is evident that a decrease in deformation leads to higher values for modulus. By comparing the behavior at room temperature as a reference temperature, the storage modulus of PP-g-MA compatibilized HDPE/PNS composite (HDPE/PNS/PP-g-MA) increases a percentage value of 37% with regard to unfilled HDPE and 26% more than HDPE/PNS composite without compatibilizer. 
Figure 6
By taking into consideration the overall properties obtained with the different maleic anhydride-based compatibilizers, it is possible to conclude that best compatibilizing properties are obtained with PP-g-MA (HDPE/PNS/PP-g-MA).
Although all three compatibilizers offer similar chemical structure, it seems that the maleic anhydride grafting degree is the main parameter related to compatibilization and governs its effectiveness. As indicated in Table 2 , the PP-g-MA copolymer is characterized by a maleic anhydride content of 8-10 wt% which is remarkably higher than the values corresponding to PE-g-MA and SEBS-g-MA (0.5 wt% and 2 wt% respectively).
The effect of peanut shell (PNS) flour content of HDPE/PNS/PP-g-MA composites
In this section, the effect of the filler content on overall performance of HDPE/PNS/PP-g-MA composites is described. Figure 7 shows the plot evolution of mechanical properties (tensile and flexural) of HDPE/PNS/ PP-g-MA composites with varying amounts of peanut shell powder. In general, the evolution of these two parameters is in total accordance with previous tensile and flexural
properties. As the impact-absorbed energy is related to the deformation ability, it follows similar tendency as observed for elongation at break and typical mechanical ductile properties. On the other hand, Shore D hardness is representative for a mechanical resistance property so that, it follows similar tendency as those observed for both tensile and flexural modulus.
Figure 8
The effect of the filler content on melting and thermo-oxidative degradation at moderate temperatures of HDPE/PNS/PP-g-MA composites was followed by differential scanning calorimetry (DSC). Figure 9 shows the plot evolution of melt peak . This additional functionality is related to the antioxidant capacity of some components in the lignocellulosic waste, which act as free-radical scavengers thus leading to improved thermal stability at moderate temperatures.
Figure 9
Degradation/decomposition at high temperatures was followed by thermogravimetric analysis (TGA) by measuring the weight loss in function of increasing temperature. Thermogravimetric (TGA) curves, as well as the main parameters of the degradation/decomposition process of neat HDPE and HDPE/PNS/PP-g-MA composites, are gathered in Figure 10 and Table 4 respectively.
Degradation at high temperatures occurs in two main stages as described previously for composites containing 10 wt% PNS. The addition of peanut shell powder leads to a decrease in thermal stability of HDPE. This decrease is much higher as the PNS content increases. As it can be seen in Figure 10 it is possible to observe that as the filler load increases, the step corresponding to peanut shell degradation increases proportionally and also the residual char increases with peanut shell content. Table 4 The morphology of fractured surface from impact tests of HDPE/PNS/PP-g-MA composites with different peanut shell loading was studied by SEM analysis in order to evaluate the dispersion level and filler-matrix interactions (Figure 11 ). Figure 11a corresponds to fracture of unfilled HDPE and it is characterized by a rough surface. As the filler loading increases, a rough surface with dispersed particles embedded in the matrix (Figures 11b to 11e) can be distinguished. In general, it can be observed quite good particle dispersion together with some particle-matrix interactions as the gaps between the particles and the surrounding matrix are small. Nevertheless, the increasing amount of filler leads to a remarkable decrease in ductile properties as evidenced by the evolution of elongation at break and impact energy.
Figure 11
The effect of the filler content was also tested by dynamic mechanical thermal analysis (DMTA) in torsion mode. 
CONCLUSIONS
The main aim of this work was to evaluate the influence of three different maleic anhydride copolymers as compatibilizers for HDPE/peanut shell composites, namely:
polyethylene-graft-maleic anhydride (PE-g-MA), polypropylene-graft-maleic anhydride (PP-g-MA) and polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrenegraft-maleic anhydride (SEBS-g-MA). Although all three compatibilizers have maleic anhydride functionality, the best results were obtained with PP-g-MA with a percentage increase in tensile and flexural modulus of about 16% and 26% respectively with regard to unfilled HDPE. SEM analysis revealed absence of matrix-particle interaction in uncompatibilized HDPE/PNS composites. Despite this, all three compatibilizers offer some matrix-particle interactions as evidenced by a reduction of the gap size between the dispersed particles and the surrounding polymer matrix.
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The addition of 30 wt% peanut shell led to composite materials with interesting
properties from different points of view. In a first approach, flexural strength and modulus increased by 24% and 72% respectively but the most interesting property was a remarkable increase in the thermo-oxidative degradation onset temperature which changed from 232 ºC (unfilled HDPE) up to 254 ºC in composites with 30 wt% PNS.
This additional feature was due to the natural intrinsic antioxidant components in peanut shell (polyphenols and flavonoids) which act as free-radical scavengers thus delaying thermo-oxidative processes.
As a general conclusion it is possible to say that manufacturing of natural fibre reinforced plastics (NFRP) with biobased polyethylene and peanut shell powder, a byproduct of the peanut industry, can be obtained by extrusion-compounding followed by injection moulding. These composites offer a clearly positive environmental efficiency together with balanced overall properties. with different weight percentages of peanut shell powder
